Abstract. Accumulating evidence indicates that dysregulation of microRNAs (miRNAs) may contribute to the initiation and progression of cancer. However, the role of miR-124 in lung adenocarcinoma (ADC) and the underlying mechanisms through which miR-124 exerts its functions are not completely understood. In the present study, we detected miR-124 and SOX9 expression in lung ADC tissues. The results showed that miR-124 was significantly downregulated in the lung ADC tissues compared with that noted in the corresponding non-cancerous lung tissues and the level of SOX9 protein was inversely associated with the expression of miR-124. The study in human lung ADC cell line A549 demonstrated that upregulation of miR-124 could inhibit cell proliferation, migration and invasion. The bioinformatic analysis showed that there was a putative miR-124 binding site in the 3' untranslated region (3'UTR) of SOX9. Using a luciferase reporter assay, we verified that SOX9 is a direct target of miR-124. Furthermore, overexpression of miR-124 repressed SOX9 expression, whereas inhibition of miR-124 increased expression of SOX9 in the A549 cells. Finally, we identified that SOX9 was a functional mediator of miR-124 in A549 cells. Taken together, our results suggest that miR-124 functions as a tumor suppressor in lung ADC by directly targeting SOX9 and it may be a promising candidate for miR-based therapy against lung ADC.
Introduction
Lung cancer is the leading cause of cancer-related death worldwide. Despite advances in surgical techniques and strategies of chemoradiotherapy and targeted therapy, the 5-year survival rate of patients with lung cancer remains low (less than 15%).
Therefore, it is important to investigate the molecular mechanisms underlying lung cancer that would lead to new therapies for improving patient survival and quality of life.
MicroRNAs (miRNAs) are a class of small endogenous non-coding RNAs that regulate the expression of their target genes at the post-transcriptional level. miRNAs play important roles in various biological processes such as cell proliferation, migration, development, differentiation and apoptosis (1, 2) . Beyond the involvement in physiological processes, accumulating studies also strongly suggest that the dysregulation of miRNAs may contribute to the initiation and progression of cancer (3) . miR-124 is the most abundant miRNA expressed in neuronal cells and plays a role in neuronal differentiation. In addition, emerging evidence implicates miR-124 in the pathogenesis of several human malignancies. It has been reported that miR-124 can act as a putative tumor suppressor in prostate (4), breast (5), colorectal (6) , cervical (7) and gastric cancer (8) , nasopharyngeal carcinoma (9), bladder (10) and ovarian cancer (11) and hepatocellular carcinoma (12) . Several studies have also shown that miR-124 is downregulated in lung cancer (13) (14) (15) . However, the role of miR-124 in lung adenocarcinoma (ADC) and the underlying mechanisms through which miR-124 exerts its functions remain unclear.
SOX9, which is one of the members of the SRY boxcontaining (SOX) family, plays a key role in developmental processes, including chondrogenesis, neurogenesis and male sex determination (16, 17) . Subsequently, increasing evidence has revealed that SOX9 is involved in the development of cancer. It has been reported that SOX9 is upregulated in colorectal cancer (18) , lung ADC (19) , prostate (20) and breast cancer (21) , and pancreatic ductal ADC (22) , whereas it is downregulated in cervical carcinoma (23) . Therefore, SOX9 may function as an oncogene or tumor suppressor depending on tumor origin. Intriguingly, several miRs, including miR-145 (24), miR-32 (25) and miR-101 (26), have been found to target SOX9 in different tissues. Real et al (27) showed that miR-124 can regulate the expression of SOX9 in developing mouse ovarian cells. However, the potential regulatory effect of miR-124 on SOX9 expression in lung ADC has not been verified.
In the present study, our results showed that miR-124 was substantially decreased in lung ADC tissues, and upregulation of miR-124 inhibited the proliferation, migration and invasion miR-124 inhibits cell proliferation, migration and invasion by directly targeting SOX9 in lung adenocarcinoma of A549 cells. Moreover, our data demonstrated that SOX9 is a direct target gene and functional mediator of miR-124 in lung ADC cells.
Materials and methods
Patients and tissue specimens. Sixty-five paired ADC lung samples and adjacent non-tumorous lung tissues were obtained from patients undergoing surgical resection and histologically confirmed by two pathologists at the Second Hospital of Shandong University. These tissue samples were immediately frozen in liquid nitrogen and then stored at -80˚C until protein and RNA extraction. Written informed consent was obtained from all patients, and the present study was approved by the Institutional Research Ethics Committee of the Second Hospital of Shandong University.
Cell culture and DNA construction. The human lung ADC cell line A549 was purchased from the Cell Bank of the Chinese Academy of Medical Sciences (Beijing, China), and was routinely cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (both from Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin and 100 µg/ml streptomycin (both from Sigma-Aldrich, St. Louis, MO, USA). The cells were incubated at 37˚C in a humidified atmosphere with 5% CO 2 . The SOX9 plasmid was constructed according to a previous study (19) . Briefly, the coding sequences of SOX9 were PCR amplified with the forward primer, 5'-GGATCCCATGAATC TCCTGGACCCCT-3' and the reverse primer, 5'-GAATTC TCAAGGTCGAGTGAGCTGTGTGT-3'; and then subcloned into the pCMV-Tag2 expression vector (Stratagene, La Jolla, CA, USA).
Real-time RT-PCR. To determine the relative expression level of miR-124, total RNA was extracted from the tissues and cultured cells using the mirVana™ miRNA isolation kit (AM1560; Ambion, Austin, TX, USA) in accordance with the manufacturer's instructions. The RNA was treated with DNase I (AM1906; Ambion) to eliminate genomic DNA contamination and then subjected to cDNA synthesis using the miScript reverse transcription kit (218061; Qiagen, Hilden, Germany Western blotting. Total proteins in the cells and tissues were extracted using RIPA buffer (Beyotime Institute of Biotechnology, Shanghai, China). The concentration of total proteins was measured using the BCA™ protein assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). A total of 40 µg proteins was separated on 12% SDS-PAGE gels, and transferred onto nitrocellulose membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% fat-free milk at room temperature for 2 h, followed by incubation with the mouse anti-human primary monoclonal antibody against SOX9 (1:500; ab76997; Abcam, Cambridge, MA, USA) or GAPDH (1:5,000; D190090; Sangon Biotech, Shanghai, China) at 4˚C overnight. The membranes were then washed in TBS for three times and incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody (1:5,000; D110087; Sangon Biotech) for 1 h at room temperature. After another three times of washing in TBS, signals from the HRP-conjugated secondary antibody were generated using enhanced chemiluminescence solution (Amersham, Piscataway, NJ, USA), and were detected by exposure of the membranes to X-ray film (Kodak, Rochester, NY, USA). The relative signal intensity was quantified by densitometry with UVIPhoto and UVISoft UVIB and application V97.04 (UVItech, Cambridge, UK).
MTT assay. After transfection with the miR-124 mimic or miR-124 inhibitor, the A549 cells were harvested, plated into 96-well plates (2.0x10 3 cells/well) and incubated at 37˚C. At different time points (4, 24, 48 or 72 h), 10 µl of MTT reagent (5 mg/ml; Sigma-Aldrich) was added to each well and cells were incubated for another 4 h. Then, the supernatant was discarded, and 150 µl of dimethyl sulfoxide (DMSO) was added to each well. Colorimetric analysis was performed at the wavelength of 490 nm. Data were derived from three independent experiments.
Migration and invasion assays. Cell migration and invasion capacities were measured in vitro using CytoSelect™ 24-Well Cell Migration and Invasion Assay Combo kit (Cell Biolabs, San Diego, CA, USA) according to the manufacturer's instructions. Briefly, 1x10 5 transfected cells were seeded into the upper chamber. For the invasion assays, the filter membrane was coated with a uniform layer of dried basement membrane matrix solution. DMEM containing 10% FBS was used as a chemoattractant, and added to the lower chamber. Following a 24-h incubation, cells on the upper side of the filters were carefully removed with cotton-tipped swabs. Invaded cells on the lower membrane were stained and colorimetric analysis was performed. The relative migratory and invasive activities were determined by the measurement of the optical density at 560 nm and using the value of the negative control as 1.
Statistical analysis. All statistical analyses were performed using the SPSS 17.0 software package (SPSS, Inc., Chicago, IL, USA). The data are presented as the mean ± standard deviation (SD). Differences between groups were analyzed using the Student's t-test. P-values are two-sided, and P<0.05 was considered to indicate a statistically significant difference.
Results

miR-124 is downregulated in lung ADC tissues and its correlation with the SOX9 protein level.
The expression levels of miR-124 in ADC tissues and corresponding adjacent non-cancerous tissues were detected by real-time RT-PCR. As shown in Fig. 1A , the results indicated that the relative level of miR-124 expression was significantly lower in the ADC specimens compared with that noted in the controls (P<0.05) (Fig. 1A) . SOX9 protein levels were also detected by western blot analysis. The results showed that the SOX9 protein level was upregulated in the tumor samples when compared with that noted in the adjacent non-cancerous tissues (P<0.05) (Fig. 1B and C) . Our data suggested that the level of SOX9 protein is inversely associated with the expression of miR-124.
miR-124 suppresses the proliferative, migratory and invasive capacities of the A549 cells.
To investigate the effects of miR-124 on the biological behaviors of the A549 cells, we transfected A549 cells with the miR-124 mimic or miR-124 inhibitor. Real-time RT-PCR was performed to confirm an increase or decrease in the miR-124 level 48 h after miR-124 mimic or miR-124 inhibitor transfection ( Fig. 2A) . MTT assay was utilized to evaluate cell proliferative capacity. The results showed that overexpression of miR-124 significantly suppressed cell growth of the A549 cells, whereas knockdown of miR-124 resulted in a significant increase in proliferation of the A549 cells compared with that noted in the controls (Fig. 2B and C) . Transwell assay was performed to investigate the effect of miR-124 on the migration and invasion of A549 cells. As shown in Fig. 2D and E, the migratory and invasive capabilities were significantly decreased in the A549 cells transfected with the miR-124 mimic compared with these capabilities noted in the control groups. Accordingly, when A549 cells were transfected with the miR-124 inhibitor, the migratory and invasive capabilities were markedly increased compared with the controls.
SOX9 is a target gene of miR-124 in A549 cells.
Using the bioinformatic tools at TargetScan database (http://www. targetcan.org/), SOX9 was identified as a candidate target of miR-124, since it contains a putative miR-124 binding site in the 3'UTR (Fig. 3A) . To determine whether miR-124 can bind to its seed sequence present in the SOX9 3'UTR, we performed a luciferase reporter assay using the pEXZ-SOX9 vector containing the SOX9 3'UTR. The pEXZ-SOX9 vector was cotransfected into A549 cells with the miR-124 mimic or miR-124 mimic control. Luciferase activities were measured at 48 h after transfection. The results showed that overexpression of miR-124 led to a 47% decrease in luciferase expression, measured as relative luciferase activity, compared to the controls (Fig. 3B) . However, when the pEXZ-SOX9 vector was cotransfected into the A549 cells with the miR-124 mimic with six mutated sequences (UCCUUACCGCGGUGAAUGCC) or the miR-124 mimic control, only a very slight effect on luciferase activity was observed (Fig. 3B) . These results indicated that miR-124 was able to bind to the predicted seed sequence in the 3'UTR of SOX9 mRNA.
miR-124 regulates SOX9 protein in A549 cells.
To investigate whether miR-124 affects SOX9 expression, we next examined the effect of this miRNA in a stable transfectant cell line of miR-124. Results from real-time RT-PCR showed that there was a 3.8-fold increase in miR-124 levels in the stable transfectant cell line of miR-124, as compared to cells stably transfected with the negative control vector (Fig. 4A) . Western blot analysis performed on the same cells showed that the SOX9 protein level was clearly reduced (52%) in the stable transfection cell line of miR-124 compared with the controls (Fig. 4B and C) . We also knocked down miR-124 expression by transfecting A549 cells with the miR-124 inhibitor and analyzed the effects on SOX9 expression. A549 cells transfected with the miR-124 inhibitor showed a 2.4-fold decrease in the miR-124 level compared with the cells transfected with the miR-124 inhibitor control (Fig. 4A) . As expected, the downregulation of miR-124 led to an increase in the SOX9 protein level of 1.8-fold compared to the negative controls ( Fig. 4B and C) . Taken together, our data suggested that the expression of SOX9 is regulated by miR-124.
SOX9 is a functional mediator of miR-124 in A549 cells.
In our previous study (28), we explored the functional role of SOX9 in A549 cells and showed that upregulation of SOX9 promoted cell proliferation, migration and invasion. To determine whether the suppressive effect of miR-124 on the biological behaviors of A549 cells is mediated by repression of SOX9, the miR-124 mimic was cotransfected into the A549 cells with the SOX9 plasmid or control plasmid. Western blot analysis was performed 48 h after transfection and the results indicated that the protein level of SOX9 was recovered after treatment with the SOX9 plasmid compared to the controls (Fig. 5A) . Moreover, MTT, migration and invasion assays showed that exogenous expression of SOX9 was able to restore the proliferative, migratory and invasive activity compared with these cell behaviors noted in the controls (Fig. 5B-D) . This indicated that the suppressive effect of miR-124 was mediated by repression of SOX9, and SOX9 is a functional mediator of miR-124 in A549 cells.
Discussion
The dysregulation of miRNAs is involved in the initiation and progression of various types of tumors. However, their potential roles in lung adenocarcinoma (ADC) remain unclear. In the present study, we found that miR-124 was downregulated in ADC tissues and the level of miR-124 was inversely correlated with SOX9 expression. Moreover, the functional assays in human lung ADC cell line A549 showed that enforced expression of miR-124 significantly inhibited cell proliferation, migration and invasion. When A549 cells were transfected with the miR-124 expression vector or miR-124 inhibitor, the SOX9 protein level was downregulated or upregulated, which indicated that miR-124 could regulate SOX9 expression. The luciferase reporter assay confirmed that SOX9 is a direct target of miR-124. Finally, we showed that exogenous expression of SOX9 rescued the phenotype induced by overexpression of miR-124 in the A549 cells. These results suggested that miR-494 affects cell proliferation, migration and invasion by directly regulating SOX9 expression in lung ADC.
Previous studies have shown that miR-124 is associated with several human malignancies and it is a putative tumor suppressor. However, the function of miR-124 in lung ADC remains unclear. In the present study, our results showed that miR-124 was downregulated in the tissues of lung ADC patients using real-time RT-PCR assays, and we focused on the functions of miR-124 in the proliferation, migration and invasion of lung ADC cells. Using human lung ADC cell line A549 transfected with the miR-124 mimic or miR-124 inhibitor, we demonstrated that miR-124 was functionally involved in suppression of cell proliferation, migration and invasion. SOX9, which belongs to a family of genes called SOX [SRY (sex determining region Y)-boxes], is a key regulator of embryonic development. Emerging evidence has provided a link between SOX9 and cancer development. In some types of cancers, SOX9 is upregulated and functions as an oncogene, whereas in other types of cancers, SOX9 is downregulated and functions as a tumor suppressor. Our previous study found that SOX9 was upregulated in lung ADC and promoted cell proliferation, migration and invasion. In the present study, we found that SOX9 is a direct target gene of miR-124. More importantly, exogenous expression of SOX9 restored the proliferative, migratory and invasive activities induced by overexpression of miR-124 in A549 cells. All these results suggest that miR-124 can inhibit cell proliferation, migration and invasion by directly targeting SOX9 and SOX9 is an important functional mediator of miR-124 in lung ADC cells. As we know, there exists a complicated connection between miRNAs and their target genes. One miRNA can have many targets and several miRNAs can have the same target. Some genes, such as talin 1, PDE4B and STAT3, have also been found to be the target of miR-124 in several human malignancies (4, 15, 29) . SOX9 may not be the only miR-124 target dysregulated in lung ADC. Thus, further studies are needed to investigate the potential functional targets of miR-124, and the actual mechanisms by which miR-124 affects lung ADC progression require further clarification.
In conclusion, the present study demonstrated that miR-124 was downregulated in tissues of lung ADC patients. Moreover, miR-124 inhibited cell proliferation, migration and invasion of A549 cells. Finally, we confirmed that miR-124 directly targets SOX9 by binding to the 3'UTR of SOX9 and SOX9 was found to be an important functional mediator of miR-124 in A549 cells. Overall, our findings indicate that miR-124 functions as a tumor suppressor in lung ADC and may be a promising candidate for miR-based therapy against lung ADC.
